Members of the Brassicaceae are generally believed to be non-mycorrhizal. Pennycress (Thlaspi) species of this family from diverse locations in Slovenia, Austria, Italy and Germany were examined for their colonisation by arbuscular mycorrhizal fungi (AMF). Meadow species (T. praecox, T. caerulescens and T. montanum) were sparsely but distinctly colonised, as indicated by the occurrence of intraradical hyphae, vesicles, coils, and occasionally arbuscules. Species from other locations were poorly colonised, but arbuscules were not discernible. The genus Thlaspi comprises several heavy metal hyperaccumulating species (T. caerulescens, T. goesingense, T. calaminare, T. cepaeifolium). All samples collected from heavy metal soils were at best poorly colonized. Thus the chance is small to find a «hypersystem» in phytoremediation consisting of an AM fungus which prevents the uptake of the major part of the heavy metals and of a Thlaspi species which effectively deposits the residual heavy metals inevitably taken up into its vacuoles. In two different PCR approaches, fungal DNA was amplified from most of the Thlaspi roots examined, even from those with a very low incidence of AMF colonization. Sequencing of the 28S-and 18S-rDNA PCR-products revealed that different Thlaspi field samples were colonized by Glomus intraradices and thus by a common AM fungus. However, none of the sequences obtained was identical to any other found in the present study or deposited in the databanks, which might indicate that a species continuum exists in the G. intraradices clade. An effective colonization of Thlaspi by AMF could not be established in greenhouse experiments. Although the data show that Thlaspi can be colonized by AMF, it is doubtful whether an effective symbiosis with the mutual exchange of metabolites is formed by both partners.
Introduction
In arbuscular mycorrhizal symbiosis, the hyphae of the fungi effectively exploit water and minerals from soils and efficiently transfer them to the roots of plants. Therefore, when exposed to diverse stress conditions (limitations by minerals, drought, acidity, attack by pathogens, exposure to heavy metals or salt), more than 80 % of the plants are colonized by AMF (Smith and Read 1997) . Only members of a few plant families are believed not to form a symbiosis with AMF: Chenopodiaceae, Amaranthaceae, Brassicaceae and among the Fabaceae, the genus Lupinus (Harley and Harley 1987, Smith and Read 1997) . Rape (Brassica sp.) of the Brassicaceae (crucifers, cabbage family), after inoculation with Glomus mosseae, showed an increase in plant defence reactions, which are a slightly enhanced ethylene production, and increased levels in the activities of both chitinase and β-1,3-glucanase (Vierheilig et al. 1994) . Other species of crucifers have, however, been reported to show signs of AMF colonization. According to Hirrel et al. (1978) , seven members of the Brassicaceae became colonized, however, only when grown in the presence of a mycorrhizal companion plant and only with an extremely low incidence of colonization, ranging from 1-5 % of all roots examined. An extensive literature review (De Mars and Boerner 1996) of 646 members of the crucifers revealed that 18.9 % of them showed some degree of AMF formation. In the samples examined, internal hyphae and, occasionally, vesicles were detected, but not typical arbuscules. Since arbuscules are believed to be the major site of nutrient exchange between both symbiotic partners (Bonfante and Perotto 1995) , AMF may not be able to establish a functional symbiosis in crucifers. Very recently, field collected samples of Biscutella laevigata (also of the Brassicaceae) in Poland were found to be distinctly colonized by AMF, and arbuscules were discernible when flowering, but not at other plant growth stages (Orłowska et al. 2002) . Since samples of B. laevigata were also collected from calamine wastes, both fungal and plant ecotypes specifically adapted to heavy metals may occur at such locations.
Thlaspi (pennycress) is another genus of the Brassicaceae which has attracted special attention recently. Thlaspi is related to the model plant Arabidopsis thaliana and comprises several heavy metal hyperaccumulating species like Thlaspi caerulescens, T. goesingense and T. calaminare (Adler et al. 1994 . Expression studies of genes encoding proteins involved in heavy metal tolerance have recently been performed with such hyperaccumulating Thlaspi species (Pence et al. 2000 , Persans et al. 2001 , Ebbs et al. 2002 . Any colonization of such hyperaccumulating species by AMF could be interesting for applications, since these fungi have been reported to confer heavy metal tolerance to plants (Leyval et al. 1997 , Hall 2002 . A combination of a hyperaccumulating pennycress, together with a heavy metal tolerance conferring fungus, could possibly allow growth of plants under extremely adverse soil conditions. Thlaspi praecox has recently been found to be AMF colonized in samples collected from the vicinity of a lead mine and smelter of the South limestone Alps of Northern Slovenia (unpublished observation by the Slovenian authors of the present investigation). This finding prompted us to screen diverse Thlaspi species, both from heavy metal and non-polluted soils, for their AMF colonization and to characterize this partnership microscopically. Molecular techniques were also employed to identify the AMF which colonize the Thlaspi species.
Material and Methods

Plant material investigated
Details of the sites from which the different Thlaspi samples were collected are given in Table 1 . Plants were named as in the standard Slovenian , Austrian (Adler et al. 1994) and German (Schmeil and Fitschen 2000) floras. The following Thlaspi species were collected:
Other crucifers tested were Alyssum montanum L., Biscutella laevigata L., Cochlearia anglica L., Cardaminopsis arenosa (L.) Hay and Cardaminopsis (= Arabidopsis) halleri (L.) Hay. In the case of the samples from Wallenfels (Table 1) , the plant characteristics did not allow us to definitively assign them to T. montanum (more likely) or T. caerulescens due to the somewhat uncertain taxonomic separation within the T. alpestre agg. (Adler et al. 1994) . Plants were collected at the different sites given in Table 1 and transported to Cologne. Within three days, roots were washed with tap water. Half of the plant material was stained for microscopic counting, and the other half was preserved in the deep-freezer prior to the extraction of the DNA for the molecular analysis. Geographic locations were determined by the GPS system.
Characterisation of the fungal DNA from Thlaspi roots
Roots of the plants collected from the sites given in Table 1 were ground to a fine powder in liquid nitrogen, and DNA was isolated according to the method of Raeder and Broda (1985) . The primers used in the present study and their specificity are given in Table 2 , and the plants examined are given in bold face in Table 3 . Amplification of DNA segments coding for the 28S-rRNA by three step nested PCR reactions followed the protocol of Turnau et al. (2001) . New taxon specific primers for G. geosporum (Table 2) were developed for the last nested PCR-reaction. The products obtained in each reaction were diluted up to 1000 fold for the next reaction in each case. PCR-products were separated electrophoretically on an 1 % (v/v) agarose gel (GibcoBRL ultrapure) followed by DNA staining with ethidium bromide and photographing. The 18S-rDNA segment was amplified in a single PCR reaction using primers NS31 (Simon et al. 1992 ) and AM1 (Helgason et al. 1999 ) to obtain a 550 bp product. Cloning and sequencing were performed exactly as described in Landwehr et al. (2002) . In each case, both strands were sequenced. Sequence data was compared with the NCBI databank using the BLAST program via http://www.ncbi.nml.nih.gov. Alignment of the DNA sequences was done with the ClustalX program and phylograms were edited with Tree View Page. Sequences of the PCR-products were analysed without the primers and phylograms were constructed by the neighbour joining method with 1,000 replicate trees.
Data bank deposits
The different Glomus 28S-rDNA sequences obtained from the colonized Thlaspi roots were deposited in the EMBL-Genbank databanks with the accession no. 
Greenhouse experiments
In the current experiments, Thlaspi was grown in 1.5 L pots filled with 20 % Glomus inoculum and 80 % sterilized sand as described in Kaldorf et al. (1999) . Alternatively, the companion plant maize was grown in a two chamber system where Thlaspi and maize were separated from each other by a nylon mesh which could be penetrated by the hyphae, but not by the roots.
Other analyses
The degree of mycorrhizal colonization of the roots was determined by the gridline intersect method (Giovannetti and Mosse 1980) after staining with trypan blue, as described by Schmitz et al. (1991) . For each determination of the degree of colonization, at least 300 roots were counted. Photos were taken using a standard light microscope (Opton Axioscope) at a magnification of 640 ×.
Results
Assessment of the degree of mycorrhizal colonization of the Thlaspi roots and mycorrhizal structures detected
Different Thlaspi species from sites in Slovenia, Austria, Germany and Italy (Table 1) . were assessed for mycorrhizal colonization (Table 3) . Samples of T. caerulescens and T. praecox of chalk and T. montanum of weakly acid meadows were distinctly colonized. In all positive cases, intraradical hyphae were always visible, and vesicles were occasionally discernible (Fig. 1b) . Arbuscule formation (Fig. 1a, b) was rare, and observed in only a few roots of the positive samples, but was not consistently detected with all plant individuals examined (Table 3 ). In the case of T. montanum, few arbuscules were seen in the samples collected in 2001, but none in those of 2002 at the same flowering state. Positive roots, however, showed abundant arbuscule formation ( Fig. 1 a, b) . Arbuscules were always formed on straight intraradical hyphae. Mainly at the outer parenchyma cells, roots showed curled hyphae (= coils, Fig. 1d ), which were often more frequent than arbuscules in the case of T. praecox, T. caerulescens and T. montanum. AMF spores were occasionally detected within the Thlaspi roots (Fig. 1c) and also at the extraradical hyphae adherent to the roots (not shown).
Thlaspi cepaeifolium, T. calaminare and T. goesingense from the typical heavy metal soils of Gailitz, Cave del Predil, Breinigerberg or Pernegg (Table 1) were not colonized, but showed some intraradical hyphae without signs of formation of arbuscules, vesicles or coils (Table 3 ). The same findings were for the Thlaspi species from abandoned farm fields: T. arvense, T. perfoliatum and T. alliaceum (Table 3) . T. rotundifolium from the alpine chalk gravel slope showed weak colonization in four samples out of the total ten counted, but also here neither arbuscules nor vesicles were detectable (Table 3).
For comparison, other Brassicaceae with some taxonomic relatedness to Thlaspi were included in the present study (Table 3). Two Biscutella laevigata samples were distinctly colonized in agreement with a recent study (Orłowska et al. 2002) , whereas the other two were not. Cardaminopsis halleri and C. arenosa are close relatives to Arabidopsis thaliana. These two Cardaminopsis species, as well as Alyssum montanum from a serpentine soil, and Cochlearia anglica from a Dutch salt marsh, occasionally showed a penetration of hyphae into the cortex, but again vesicles and arbuscules were not seen.
Characterization of the fungi within Thlaspi roots by molecular techniques
For the characterization of the fungal DNA within the Thlaspi roots, primers of the D1 and D2 regions of the 28S-rRNA were employed ( Table 2 ). The last PCR (second nested) reaction should discriminate between three different Glomus species for which specific primers were available. A PCR-product of the expected size was obtained with DNA from spores of G. intraradices, G. mosseae and G. geosporum (Table 2) . Using DNA from Thlaspi roots, a PCR-product of the expected size (450 bp) was obtained, however, only with the primers for G. intraradices. This was the case with DNA from roots of T. caerulescens Lokovec, T. praecox Lokovec, T. calaminare and T. montanum Hartmannsdorf in one of the three samples examined of the latter species (Table 4 ). In addition, DNA from roots of T. rotundifolium from the alpine chalk gravel of Bovec, and of T. goesingense from the serpentine soil, also gave an amplificate of the expected size of 450 bp with the G. intraradices primers (Table 4) , although these plants were very poorly colonized (Table 3 ). The roots of T. cepaeifolium and T. alliaceum did not show any sign of AMF colonization (Table  3) , and consequently no PCR-product was obtained with DNA from these plants (Table 4) . DNA from the colonized roots of T. The names of the plant associations are taken from Oberdorfer (2001) and Grabherr and Mucina (1993) .
preacox Nanos, as well as two of the samples from T. montanum (Hartmannsdorf) did not serve as a template for PCRamplification with the G. intraradices primers in several attempts (Table 4) . Using the primers for G. geosporum and G. mosseae, the second nested PCR only provided a PCR-product of the unexpected size of 200 bp, which probably resulted from unspecific amplification ( Table 2) .
The results with the primers of the 18S-rDNA were similar. A specific PCR-product of the expected size of 550 bp was obtained with DNA from roots of T. caerulescens, T. praecox, both Lokovec and Nanos, and also with the sparsely colonized T. rotundifolium, T. goesingense and T. calaminare (Table 4). Several others, including the colonized T. alpestre, did not provide amplificates. In the case of two samples from T. montanum Hartmannsdorf, a mixture of two different PCRproducts of 550 and 650 bp was obtained.
The sequences from selected PCR-products showed divergences of at least 1.7 % among each other (as can be taken from Figs. 2, 3 and Table 4 ). Since divergences are beyond the cloning and sequencing error, these differences indicate that new sequences had been obtained. Although we are aware of the DNA variability within species of the Glo- males (Antoniolli et al. 2000 , Clapp et al. 2001 , it can be stated that the new PCR-products were most unlikely from cross-contaminants of the Glomus intraradices isolates (G. intraradices BR1, G. intraradices Sy167) present in the Cologne laboratory. It is argued that PCR with isolated DNA from roots of different Thlaspi individual plants was often negative, and, as controls, species like T. cepaeifolium or T. alliaceum never provided a PCR-product. Chimeric PCR-products were not obtained with any of the amplificates.
The dendrogram of the 28S-rDNA segment (Fig. 2) indicates that all sequences belonged to the Glomus intraradices clade. The sequences from G. sp. from T. praecox (Lokovec) and G. sp. from T. rotundifolium (Bovec) were closely related to that of G. intraradices Sy167, whereas the ones from G. sp. from T. caerulescens (Lokovec) and from T. montanum Hartmannsdorf, stood more apart within the dendrogram. However, all five new sequences clustered within the G. intraradices clade (Fig. 2) . The 18S-rDNA-sequences (Fig. 3) , G. from T. praecox (Lokovec) and G. from T. arvense, were related to G. intraradices, but clustered more closely G. fasciculatum and G. vesiculiferum, whereas the sequence of G. sp. from T. calaminare stood apart.
Attempts to establish a Thlaspi -Glomus intraradices symbiosis in the greenhouse
All attempts to establish a Thlaspi -Glomus intraradices symbiosis in greenhouse experiments failed so far. T. praecox (Lokovec), T. montanum (Hartmannsdorf) and T. caerulescens (Lokovec) grew well from seed germination till flower formation. Inoculation of these plants with Glomus intraradices Helgason et al (1999) . Crushed single spores of the species given in Table 3 were used for the amplification of the DNA segments. Alternatively, DNA was isolated from roots of Thlaspi praecox/Lokovec. In the case of G. geosporum, two different primer pairs were employed, both with negative results. The 450 bp PCR-product of the G. intraradices 28S-rDNA segment corresponds to the Genbank deposit X99640, positions 26 -396 and the 550 bp product of the G. intraradices 18S-rDNA to deposit X58725, no 532 -1034.
Sy167 or Br1 at the germination state did not result in a symbiosis. Hyphae of the fungus were growing along and around the Thlaspi roots, but appressoria formation or penetration of the hyphae into the root cortical cells were not detected. The situation did not improve when the Thlaspi species were grown in the presence of the companion plant maize, the roots of which were colonized to more than 50 % when examined six weeks after inoculation.
Discussion
The present communication shows that Thlaspi species can be colonized by AMF, with the formation of intraradical hyphae, coils, vesicles and even arbuscules. Colonization is not restricted to dead cells, and hyphae do not penetrate into the vascular cylinder, in contrast to the Brassicaceae samples examined by Hirrel et al. (1978) . Arbuscules are only detected in perennial species like T. praecox, T. caerulescens and T. montanum living in an actively growing meadow community. These positive results for arbuscule formation indicate that the life cycle of the AM fungi is not arrested at a specific stage by the roots of the Brassicaceae. This positive score for arbuscules is in contrast to the situation in 122 Brassicaceae species positive for AMF out of the total 646 examined by DeMars and Boerner (1996) where no arbuscule formation was ever seen, but is in line with a recent positive report for the B. laevigata-AMF symbiosis (Orłowska et al. 2002) . However, the incidence of arbuscule formation is low in the case of Thlaspi. The higher indication of arbuscule formation reported in the B. laevigata-AMF symbiosis (Orłowska et al. 2002) is possibly due to the assessment of mycorrhizal colonization by the method of Trouvelot et al. (1986) , which is different than the one employed here (Schmitz et al. 1991) . As pointed out earlier (Schmitz et al. 1991) , no standardised international method exists for counting mycorrhizal colonization, and the chance for a positive score increases with the length of the root segment analysed (see Fig. 1 in Schmitz et al. 1991) . In each Thlaspi root sample, we observed only one homogenous morphotype, thus possibly only one single Glomus species, in contrast to the situation with B. laevigata which may contain 4 -5 different mycorrhizal fungi (Orłowska et al. 2002) . However, it seems to us to be impossible to discriminate between species simply by an examination of the morphology of the fungal structures (intraradical hyphae, arbuscules, vesicles) within the roots. Although some exchange of metabolites might occur at the intraradical hyphae, and although there is no apparent correlation between the number of arbuscules within a root and the intensity of the mycorrhizal symbiosis, the presence of arbuscules within a root is generally considered as a sign of a functional symbiosis. Extensive exchange of metabolites and enzyme activities occur in arbuscules, the interface and the surrounding periarbuscular plant cells (Bago 2000) . In the case of B. laevigata, arbuscule formation was seen only at the flowering stage, but not with young or senescent plants (Orłowska et al. 2002) . The different pennycresses examined are only short living species having seed formation accomplished within 4 -5 months. Thus arbuscule formation could not be assigned to any specific growth stage of Thlaspi. Fur- Roots of the plants marked in bold face were taken for the isolation of the DNA and for PCR-amplifications with the Glomus primers (see Table 2 , 4). Data for different individuals counted are separated from each other by a dash in this Table. ther analysis of this symbiosis would require the establishment of the symbioses in greenhouse experiments. The failure of the greenhouse experiments is not surprising since the field samples were different within two years, as observed with T. montanum. AMF may exploit as commensales free carbohydrates on or in the intercellulars of the roots, but with only occasional mutual exchange of metabolites, if arbuscules are, indeed, the major site of metabolite transfer. A similar pattern has been described for the Chenopodiaceae Salicornia of which the monoculture stands at the inland salt marshes near Braunschweig were distinctly colonized (Hildebrandt et al. 2001 ), but not those of the Hungarian steppe (Landwehr et al. 2002) for unknown reasons. The correct signal(s) involved in later stages of the AMF-plant interactions (Schreiner and Koide 1993) , which direct an occasionally successful symbiosis (as witnessed by the formation of arbuscules) appear(s) to be subject to complex control mechanisms. PCR-products in bold face were cloned and sequenced and the data obtained were included in Fig. 2 or 3, respectively. When no PCR-products were obtained, PCR-reactions were repeated twice at least.
One aim of the present study was to find a Thlaspi-AMF combination which would be adapted optimally to heavy metal stress. For example, T. goesingense is fast growing and fairly productive in biomass formation and can cover almost totally the lesser contaminated rim of the serpentine soil at Pernegg (own observation). In the case of the zinc violet, Viola calaminaria, the correlation between the heavy metal content of the soil and the degree of mycorrhizal colonization of this plant is obvious ). The zinc violet excludes heavy metals (Ernst 1982) . A Glomus intraradices strain was isolated from the roots of the zinc violet which reproducibly allows growth of diverse plants in different heavy metal soils under optimal fertilization ). In the case of Thlaspi, all samples from typical heavy metal soils (Breinigerberg, Arnoldstein, Cave del Predil, Pernegg) were at best poorly colonized, and the difficulty to establish an effective AMF-Thlaspi combination in greenhouse experiments currently excludes the possibility to use AMF (for the prevention of heavy metal uptake) and Thlaspi (as hyperaccumulator of the residual heavy metals taken up and deposited into the vacuole) jointly in phytoremediation.
Within the roots, the morphology of the fungal structures is rather similar for all Glomus isolates, which does not allow species identification (Jacquot et al. 2000) . The molecular technique is now a powerful tool for assessing AMF in roots. Thlaspi rotundifolium was a remarkable case. This species lives separately from any other plant in the alpine chalk gravel, which rules out any contamination by roots from other plants. Despite the fact that the roots were very poorly colonized, the PCR-products obtained clearly revealed the occurrence of Glomus intraradices. The sequences of the PCR-products obtained for other Thlaspi species showed that G. intraradices, a common AMF, colonizes this plant. However, none of the G. intraradices sequences obtained from the different PCR-products of Thlaspi roots were identical to any other G. intraradices sequence, including those from the databank. This could reflect that mycorrhizal fungi in soils may form a species continuum with slightly different sequences from habitat to habitat, which may be the case for bacteria (Rösch et al. 2002) and which also has been suggested for AMF (Clapp et al. 2001) . The current state of experimental findings does not rule out that G. intraradices ecotypes specifically adapted to heavy metal soil types exist in this species continuum.
In the nested PCR-approach, an amplificate was not always obtained with the different Thlaspi roots examined. The reason for this could be manifold (degraded DNA, diverse contaminations in the roots, or other fungal DNA than that from G. intraradices, G. mosseae or G. geosporum, etc.). It should also be mentioned that sometimes false PCR-products are obtained (Landwehr et al. 2002) , thus sequencing is necessary to affirm the correctness of the PCR-products. On the other hand, often PCR-products of the right size and with the right sequences were obtained even when the degree of colonization was very low (Table 4) . DNA was isolated from the roots of the same plants which were also taken for assessing the degree of mycorrhizal colonization. Despite of other claims (Orłowska et al. 2002) it was not possible for us to get PCR-products from DNA of roots stained by trypan blue despite many efforts. However, since the Thlaspi roots examined were intact prior to the isolation of DNA it can be excluded that Glomus intraradices colonizes dead cells within the roots in all the 15 positive cases with PCR-products for this fungus (Table 4) . It would be very much desirable to assess the mycorrhizal population in a habitat quantitatively by a PCR based approach (Jacquot et al. 2000) using different primers specific for the various members within the genus Glomus. Techniques like t-RFLP analysis currently used for the characterization of bacterial populations (Dunbar et al. 2000) may become applicable also for studying the AMF life in soils, provided the PCR amplifications will give representative results.
